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This  woxk  achieved  several  substantial  results.  A  highly  stabilized  laser  system  suitable  for  many 
detailed  studies  of  data  storage  phenomena  was  constructed  and  made  to  work.  This  laser  was  es¬ 
sential  fiir  the  invesdgations  adnch  followed.  Uang  the  stabilized  laser,  a  teal  time  oondator  was 
demonstrated,  adndi  oorxectty  identified  all  occurances  of  a  test  sequence  imbedded  in  random  data. 
This  coixdator  is  the  first  demonstration  of  tlw  use  of  phase  modulation  to  store  and  retreive  data 
in  drnnain  hole-bumhig.  In  the  fiequency  domain,  narrow  holes  were  burned  and  scanned, 
and  information  storage  at  a  spectrd  density  exceeding  50,000  Uts  per  spot  was  demonstrated,  with 
perfect  recall  ami  CTry»JWit  wgnri  to  noise.  We  have  also  made  the  first  demonstration  of  a  novd 
tedboadque  for  storing  arid  jetteiving  phase  modulated  data  streams  with  time  domain  q)ectral  hole* 
burning.  This  demonstration  has  been  disclosed  for  patent  purposes. 
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PREFACE 

TliiisapacCd0Mritwiiradcpflrf9aiMdiadsrAPOSRcaatmct]i^P4962O>92-^^  Thtsivaikwaf 
done  at  Ibo  IBM  Atandaa  IteaeMch  Geoter.  in  San  Ion,  CalWomia  between  October  1, 1992  and 
PeceaBbarSl,  1993.  Tbepdnqpalinveiticilor  was  NficiiaelJefienoo. 

The  fsens  edtiie  wndc  waa  the  infwfitrtinn  of  limrNlnmain  ipectad  hob-buming  phenomena, 
pattiiailarilir  aa  adated  to  infaamatioo  atcwigB  and  proceaaiog  lypBcationa.  The  paiticnlar  inleieat 
aiM  c€  ttn  hnaatitBliaa  waa  of  the  tole  of  optical  phme  ifii^  on  dw  atoiage  a^  lelieival  of  in- 
fatmatjoB  in  lameaitti  doped  cqatalineniateriala.  The  material  atoned  waa  fiii^*:yiSIO!i.ThianMt- 
teriri  haa  dw  hitfwat  known  lado  of  inhami^pneoaa  to  homopeneoua  finewiddia,  and  baa  the 
theoaatical  potential  to  atoae  aa  many  aa  peringw  lOinilfiandatabitainaaingieoptif^qKit 

TUa  wmk  aduBfod  aemnd  anbataalial  leaolta.  A  atafaifieed  laaer  qratem  anitafale  fin  many 
detaihdatBdfea  of  data  atotage  phenomena  waa  conatnicted  and  made  to  wodLlTnalaaer  waa  ea- 
aendd  fat  dw  inwnafigatinni  wfakh  faflowod.  Uaing  the  atahifand  laaer,  a  real  time  oonriatcr  waa 
demonatiated,  wlncii  oooectly  identified  aD  oocmancea  of  a  teat  aeipienoe  imbedded  in  landom  data. 
Thia  conelalar  ia  die  fint  demonatmian  of  die  uae  of  phaae  mo^lation  to  atone  and  letiene  data 
in  dma  donaain  hole^NKmng.  hi  the  fiaqnenqr  donn^  naoow  holea  wen  bomed  and  acanned, 
and  infiicmarian  atocage  at  a  veetial  denrii^  eueedSog  SOgOOO  bita  per  9ot  waa  demomatrated,  widi 
perfect  mean  and  canibDt  aigul  to  none.  We  haee  alao  niade  the  fiiit  deoaonatntion  of  a  novd 
technaqoe  for  atoring  and  mtPEiringphaaeniodnlated  data  atmamawiditinie  domain  qiectialhole- 
bonung.  TUa  demonatration  haa  been  rfadoaed  for  patent  pmpoaea. 
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TECHNICAL  DISCUSSION:  STAEIUZBD  LASER 

I  MnB  flopoB  CQfnnnB  "*"*— ****  cumoiqf  nwin  wurtimi  djt  invMiignon  nno  uiwa  chhiiihi 
IB  diancieriaBd  ty  eattaaidy  iMB»ow  hoBK^enecwM 
The  IhiBwidtiM  m|B  finm  teos  of  kilnhBrtz  to  only  200  Ib  in  meterieb  fike 
Eil*iYJSIOi.  b  oidnr  to  invMiiplB  die  phyaet  and  tecfanoh^  capalife  of  ntifizmg  del  narny^ 

nWlilBB*  II »  J||Py  OWBMPWlO  wiH<allilEIUM>lilUUi  CnfnllwfiniB  lO  Of  UlAAUWIil  Umi 

ttnt  of  dte  nulMieL  In  pertiHilefi  k  M  iwipi— aJw  in  mtrujy  pliMw  mnAiOaitmA  tntimtptmt  if  fh*  laaer 

±n  leqpnnd  time  leaks.  F(»  dib  leaaon,  a  fiitwtanlial  amoont  of  cfEort 
t  inwiled  ht  the  deadopment  of  a  laaer  idnA  was  auitabfc  for  malmg  the»  in* 


r  aoone  fin  these  a^poinwnts  teas  a  CohaRot  699  ling  laMT  natng  Rhodanuoa  60  dyi. 

a  Bnewiddi  of  seianJ  Mhn,  and  a  fieqiMnqr  of  iOO  MBb  per  hoai(  or  mnse). 

In  orier  to  praaide  a  badar  fiaewiddi,  a  Hafl/Hanadi  aKtemal  haar  atafaffiar  was  constnicted.  Thb 
lahiilifinaaseieine^cat^tonioohordiBphaac^fiaqiienqrflnctnatiooaofdie 

>  to  the  haer  beam  by  means  of  aeooato  and  dectio* 
Control  elements  hiade  the  laser  cavity  an  also  nd- 


dfsab  in  the  control  loop  and  die  known  tmukr  fimedon  of  the  nf* 
of  fiatyienty  A^artmm  iiwiw  jipAwd  *tM*  tiii»  aduevabk 

1  Uii.  however.  Sto^  rovaaled  dnt  die  lefrnaoe  cavity  kngdi 
vihiadons  in  the  enperiniental  ityparatns.  Ibgi  amounts  of 
After  sabetandal  eflbrt  to  find  and  diminate  vibtadoins, 
ft  was  decided  to  entyloy  an  adiSdoaal 
namdy  an  io^ne  absorption  spectrometer,  to  ooirirol  the  cavity 

Uih  qmfity  io&w  oeU  widi  Browner  windows,  a  satmaied  absoiption  iotSne 
1^  the  cavity  lengdi  was  lodced  to  an  kidine  hyperfine  Bne  widi  a  servo 
ectnator  (FZT)  on  the  lefcwnce  cavity  muracs.  R  was  fintonate  that 
MMHHiOfl  inoi  wnnin  ooui  oi  yik  wioipiioii  nnrt  oi  m  mnpir  oi 
dro  object  of  oar  studies.  These  absorption  lines  wero  strong  cnou^  to 
to  noise  lados  to  lock  the  cavity  kngth  to  within  a  few  Idloliettz,  dhort 
a  kikiliertx  long  term. 


A^^ramwkkh 


:  wero  sdll  wider  than  denred,  widi  3S  kib  ftillwidth 
liar  die  deconvolved  laser  finewidth  being  die  best  result  achieved.  Nonlinear  fits  to 
spectral  hde  profiles  wen  hi^ity  (lansiian  Fromdns,  andfiom  an  anatyns  of  die 
aenro  tystem  and  io^ne  stabOoer,  we  oondaded  that  die  source  of  die  laser  line  broadening  b  a 
wide  deviadon,  low  fiequentypertubatkm.  Ihero  are  several  potential  sources  fiir  dm  broadwiing, 
sudi  as  BaddianserhlikB  domain  nnse  in  the  FZT  structure,  Ditypkr  drift  of  the  li^  due  to  vi* 
bradons  of  the  eampfe  ard/or  optical  dements  (temanjetc.),  or  a  broadening  mBchaniam  such  as 
vibration  induced  Aark  efiects  or  lattice  strairu  occurxing  over  time  periods  longer  than  a  few 
ndffiseoonds,  but  diotterdian  the  measurement  times  (typacalty  a  few  seconds).  Thesouroeofthb 
lunderinvrstigrtkm. 


Aldmugh  die  adbieved  finewidth  was  less  than  denred,  the  laser  stabiliTaer  ednUted  drifts  of  kss 
than  200  &  over  periods  of  10  seconds  or  more.  Long  term  drift  was  very  low,  smoe  the  baer  was 
Indted  to  a  Inifety  atabfe  atomic  absorption  line.  Thb  mumt  that  qiec^  hok  patterns  burned 
eidier  in  the  time  or  fijeqpenqr  domain  were  eaaity  accessed  at  arty  time  during  an  experimental  run, 
anityty  by  loddng  the  laser  to  the  appropriate  Itypetfine  tranahkm.  Stnee  the  laser  fiequency  was 
Aiftwit  by  a  senes  of  aooaato<optic  modulators,  exact  and  rqpeataUe  offlets  of  the  laser  fiequency 
by  MMWMrt*  iq>  to  200  MHz  in  atbitrsty  siqis  as  fine  as  1  Hz  could  be  sdueved.  It  was  possibk  to 
keep  the  laser  stshfiy  centered  over  a  spectral  hok  for  hours  if  needed.  Thu  capability  u  unique  in 
die  li(de>baming  e^pernnental  community  to  our  knowkdge.  Thu  combination  of  hidi  stabOrty 
of  center  wavdength  and  narrow  finewidth  allowed  several  Mgmficant  demorutratioru  of  tedmo- 
lopcd  potential  to  be  realized. 
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FREQUENCY  DOMAIN  HOLE-EURNING  RESULTS 

As  a  tMt  of  tba  ]■»  ilabffii^  and  liaewidllv  we  biBMd  end  irndt^  qiectial  hokt.  A  do- 

taflail  Ai»8|iiiii«i rf A—m— iMhit  jwwniitiMl ■* rtm  H/iWtmmitig 

Onni— ICS  as  dw  IMaaai^  of  Tofcjro,  in  AnpHt.  1994  is  sttadied  These  tests  sOosied  ns  to 
dunwAialB  die  Aaaps  of  aetad  di^al  data  at  a  spoetnl  dennty  of  graater  than  50,000  bits  per 
opded  spot  Doe  to  die  need  to  keep  the  laser  flaence  low,  dw  beam  was  onfbenaed,  so  die 
wihaiMaricetenpe  deadly  was  not  dpiifrant  ThetmlhHiewlbcamwasoii^ateciiniceldrtsil,and 
does  not  peedi^  the  nae  of  ti^idy  faensed  beams  capable  of  achieving  veqr  ngnificant  net 

The  seadomofthe  data  took  aevecel  seconds.  This  was  determined  by  the  update  rate  of  die  fee- 
qneacy  yntheeaer  need  to  oAet  die  kaer  finqneney,  and  by  the  need  finr  a  snffidendy  low  band* 
widdt  to  suppress  d»  diot  noise  in  dw  intandty  nieaeuieinant  The  dow  leadoot  is  an  inheRm 

QRIVMK 10  IIB4O8DC7  OCIftHffl  nOnifl  Bl  IDO  MiTwW  liUBWMUa  fnlWlMUti  OS  DOS  DCWl  OHOWD  mm  O 

long  time.  Because  the  qieetial  hoks  are  nanow,  die  freqnenqr  of  die  laser  cannot  be  swept  at  a 
hidii  rate  udien  messuiing  them  (reading  out  the  data)  widiont  seciousiy  dreading  die  lesolotinn. 
T^  is  analogpus  to  the  swerp  rate  psobim  on  a  spectrum  anslyeer  when  observing  narrow  spectnl 
features.  The  rumower  dw  holes  (and  dms  the  htfier  die  vectsal  densily),  die  dower  die  access 
must  be  in  the  frequency  domsirL  This  restriction  does  not  hold  if  onhr  a  sinik^iectral  channel  is 
utiBaed,  as  would  be  the  case  if  holognuns  were  being  stored.  In  dud  eai»\  die  data  rate  could  be 
very  hi|h,  conodvabiy  in  the  gigsHerta  range,  becanse  die  slew  qiectral  access  would  be  offiwt  by 
die  maaihnly  paralkl  spatial  readout  This  k  the  beat  mterpeetation  to  put  vpon  die  fieqneoqr 
dnimsin  data  presented  here.  Using  both  absorption  sites  in  the  sample,  mod  aesiiming  a  hologram 
of  4  mm  dkinrtrf  with  1000  z  1000  pnoek  (compaiahk  to  photocefractive  mstrrial  perfanruBice 
targets),  a  volmnetaie  deamty  of  spproximatdy  dxlOMMtii^cm*  at  die  antfece  of  die  crystal  would 
D«  DcnMVMB  unmi  iiwiO"OinDDNgi  fWwiHiy  iok  opncu  omk  noni|B  if  •  wr 

per  square  emtimeter.  Thus,  a  potential  storage  dendty  hacrease  of  more  dian  100  over  ^  beat 
oonweutionalstoragBteclmoloiieacooldbeadiiBvedinaarnsterislauchas£iid-»;y>Sl)ftnsiiigtlie 
qpectral  density  demmistraled  in  tins  work. 

Assuming  a  120  kHz  spacing  between  hotogrems,  access  could  be  achieved  in  less  dian  50  nucro* 
seconds,  and  iftbe  signal  to  nwse  ratio  were  auffidentdiat  readout  could  be  achieved  with  a  good 
erm  rate  in  1  nnDiseoond,  then  the  bit  data  rate  would  be  1  glgeHertz.  This  is  more  than  a  fector 
of  10  better  than  that  achieved  to  date  with  the  beat  magnetic  or  optical  didc  drives.  The  access  time 
of  50  nacroseconds  to  any  of  50,000  hotograms  is  a  fector  of  100  better  dian  diat  of  any  DASD 
(Direct  Access  Storage  Device,  e.g.  a  disk  drive). 

It  ubiM  to  aMiiw  «li«t  flwB  IfwMt  Olf  piAwTnfVB  winM  Ib.  ixamr. 

spectral  hede-boming  Storage  devices  a  reality  are  finmidiblB.  Widi  the  esoqition  of  phottMrefractive 
hotographie  alosage  devices,  however,  there  are  fitenslly  no  contenders  for  the  nezt  great  storage 
technology.  The  minimum  requitenieots  of  enormous  density,  very  feat  access,  and  ultrahidb  data 
rates  dkquality  essentially  all  contending  «*«*«*«i™*  almost  rnimediatly.  The  need  for  sudi  a  techr 
nology  k  here  today  and  growing  quiddy.  By  t^  end  of  the  century,  in  the  author's  ophnon,  die 
nuamatch  betereen  processor  opabSity  a^  storage  device  petiformanoe  win  be  at  a  critical  inqpaase. 
Thns  it  seems  essential  that  research  sudi  as  that  described  here  must  continue  to  be  fonded  ag* 
giessivety. 


PHASE  MODULATED  TIME-DOMAIN  DATA  STORAGE 

«■—  nf  Mm  wiit»4i  —a  rtw  otwLwAw  of  thtt  nnaiihilMM  of  luillS  olllie  BBOdS* 

litinii  to  flow  MrfhnHBtioii  in  die  time  d(«Min.wflier  than  the  conwgntkMMlamtJitndeinodiitoti^ 

AtiiB«iiAi  phwtow  mehnm  jmMant  nww  «*rfitw«al  Aantwn—  if  Aqr  mb  to  ha  daeadad 

ivitii  e  amy  low  eoof  alB.  1b  addition,  tiw  ftct  tiiat  onijf  one  qanbal  (dtimr  a '1' or  a  10*)  can  be 
npnaoBled  by  niimd  power,  adiOe  tiie  atiamirci  of  nsaal  power  (but  not  tiie  abeenoe  of  oomb)  le- 
f— “«*■  tiie  other  qoibol  canaes  a  nbatantial  decreaae  in  the  amoont  of  infimnatian  about  the 
m^naice  of  qmibob  available  to  tiie  leoeiver/deooder.  An  adrthinnal  difBcnlty  adiidi  amplinMie 
fflodnlated  photon  edMea  peemot  ia  tint  the  iluqpea  of  the  echo  pulaea  are  not  oondncive  to  Ui^ 
denaitaea,  dM  tibey  have  fflterqmibal  intederenoe  and  are  (SfBeolt  to  diacnminate  tanqpoialljr  witii 
maipina. 

Many  of  UieaeobiectkaMCoold  be  minimiaBdifit  were  poaaible  to  detect  the  data  atreamaa  mod- 
idataM  of  tiie  phaae  of  a  oontmnooa  edio  pidae.  A  patent  on  thia  oonoept  haa  been  fiantad  to  tiie 
author.  B  haa  been  befieved,  and  oor  cunent  wodc  haa  demonatreted,  that  htiarmation  atored  by 
meana  of  a  phaae  modidatcid  data  polae  could  be  recalled  with  fiddi^.  The  red  time 
coodator,  to  be  dcacribed  kter,  utihM  phaae  modnktkw,  of  the  data  aa  an  caeMitial  a^ect  of  ita 
ajM—tiaii  Tho  iwam  tiiAwieal  Kmrflii  m  tiu^ying  ihti  —liia  at  Ae  jJiMit  twftAikAwi  jaAtriqna  tiM 
Immwi  tlM>  ^iiOirnhy  4ii  tUxstvimj  «ti*  jA— »  jtrfwi  jtiW  AMiow^  «tii>  wait  fer 

tiie  phaae  modukthmia  at  a  tiactAlelevd  (tent  of  Mhz,^fpBca%),  the  phaae  bang  modulated  la 
that  of  the  keer  beam  opticd  fiefoeacy,  whi^  ia  iqiptDzifflddy  SxiO^^/fiK.  TUa  fieqnoiqr  ia  fin  too 
bi|h  far  conventiondlUPdrettta  to  handle,  aoaomefoim  of  kcdoadBatoffmiiat  be  provided  to 
b^  the  phaae  caiiier  to  a  lower  fieqpeacy.  One  of  tiie  reaaona  far  boikSng  the  dabfc 

kaer  waa  to  allow  aodi  a  kicd  oacilktor  to  be  genereted.  The  practicd  ^Efificahka  of  actiudly  namg 
tiie  kaer  aa  andi  dgod  aouree  farced  na  to  reti^  the  profakm,  and  a  amide  and  efcgut  aohnian 
to  tin  locd  oadDator  problem  waa  faund.  Una  aolntion  haa  bem  wntten  up  and  diadoaed  far  tiie 
purpoae  of  patenting  it 

The  eaaenoe  of  the  tedmhpie  k  to  atom  not  out,  but  two  population  gcatingi  in  the  frequency  do* 
main,  aepanted  by  a  fixed  frequenqr  oAet  There  population  gratinga  atore  {diare  modidated 
klenticd  data  atreama  ttiuch  mcorporale  a  diflfewntid  phaae  dnft  between  them  (e.g.  180  dqreea). 
Thia  pair  of  pqpuktion  gratinga  will  ganeiate  two  idioton  echoea  aqpaiBted  in  optied  frequency  by 
the  fared  fie^icnqr  oAct  If  there  two  phottmeefaoea  are  coDinear,  and  are  allowed  to  beat  on  the 
detector,  then  a  ififfbwnoeaigpd  at  the  fared  frequengrofiEret  win  be  generated.  Tbiadigncncengnd 
(at  a  convenient  RF  frequenqr)  wifi  have  the  idative  jdiaaec  (rf  the  two  photon  echoea  impieaaed 
iqwn  h.  Tfana  the  phaae  modnktion  of  the  nqiut  data  can  be  recovered  director  from  the  edio, 
without  the  need  fior  a  hi^Uy  phaae  adrerent  extemd  locd  oadlktor.  fri  addition,  thia  tedmique 
aUeviatea  the  need  far  a  Utidy  coherent  kaer  during  the  writing  proceaa.  Any  phaae  varktiona  of 
the  writing  kaer  beam  are  encoded  in  the  two  popohdion  gratinga  aa  a  common  mode  agnal,  and 
are  wqipeeaaed  during  the  mhangproceaa  on  the  detector  during  readbadc.  The  optied  configuration 

nnfuM  in  jpmmimtn  fhti  imn  data  rfitiiiria  m  ti«t  imtamriy  cnmpleT 

We  were  abk  to  pattiafiy  demonatiate  thk  tedmique.  We  atored  a  ]diare  modulated  pair  of  gntinga 
and  attenqited  to  recafi  them  and  to  obaerve  tiie  {diare  modulation  of  the  beat  aignaL  The  frequency 
offret  waa  80  Mhz,  and  the  phaae  modulation  was  a  aquare  wave  at  a  rate  of  1  Mhz.  We  could 
obaerve  the  phaae  drift  of  the  80  MHz  beat  note  at  the  1  MHz  rate  very  cfcaihr  in  the  prompt  edio, 
but  were  unkbfe  to  detect  it  in  the  atimnkted  edaoe  polaea  due  to  inititing  tedmkd  proUerna  with 
the  detector,  and  a  low  aignd  to  nnre  ratio.  There  proUema  could  be  overcome  in  a  atrdditfrirwatd 
manner,  but  nnfi»tonatd|y  the  contract  eapired  befixe  we  were  abk  to  do  ao.  We  bdkve  that  the 
conoqit  k  very  aound,  and  are  no  reaaon  that  it  cannot  be  implemented  with  an  inqiroved 
ratua. 
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KEAL-TIMB  OFTiCAL  CORRELATOR 

1b  cdtoowtioa  wUh  Randy  Babbitt,  cotrentiy  it  the  UniwnlQr  of  WiMhingUw  (AFOSR  oontnct 
iP49620^1<031^  wt  a  jod  tme  ooncktof  ivl^  nifliwid  both  phaie  modnhtion 

of  B  dalB  iliMBB  and  die  cqMbflii^  to  pnoeM  data  ftnoBs  loogBr  than  diB  npper  itate  lifBtiiiiB  of 
ttS  flOMMdiL  A  dAHUM  dOlOQpCIOtt  M  tOM  IPOOC  WfttfiH  Will  M  pitMOtOd  ft  tOt  limiimiOlMi  tlOiD- 

biMihigCoBiwBceatdieUiiihaHii^crfTdksfomAufBrt.  1994 ii attached.  ThiswKktialfobeiBg 

MtWgwi  up  fef  |l^^l^li«»■^^^«^^^  wi  OptiCt  LottBR. 

The  bade  idea  of  the  oondator  is  dial  dw  taqBt  data  aeqneace  if  itoied  in  the  ground  itate  of  the 
nialeridl  bgr  eoavendonal  dme  doniain  Bpactnl  holb^Niining  teefaniqaes.  The  data  is  caeoded  at 
phase  modnlBdons  of  die  hner  fieqpenqr,  ladier  dian  ampBhide  modohrtion.  The  data  stieam  to 
be  anatyaed  phase  tnodolates  the  laser  beam.  Tins  hner  beam  dhnnlatas  die  gponnd  date  population 
yatatg  cwated  by  die  (stowed)  taunt  andcBBatas  acoheientlrandmt.  Tluscohwwit  tiaHiimt  ciestes 
a  photon  edtoa^Mch  is  psopoidoiial  to  die  copdation  between  die  stowdtaigBt  sequence  and  the 
oonthnioiiahr  evolving  Alta  seqtienoB.  The  kngdi  of  the  data  sequence  is  aibitiBty  and  can  exceed 
the  i^per  state  hfBtinie  of  die  matedal  (as  we  have  demonattatad).  We  were  able  to  oonec^  identify 
an  120  ooBuiancea  of  the  13  bit  tatget  pattern  in  the  3120  bit  data  seqomce.  A  theoretkal  calca* 
kdon  of  die  oondator  lasponse  to  the  data  sequence  matches  the  actual  measmed  ooqiat  in  afl 
details,  even  pndkdng  die  partial  condations. 

The  demonstiation  of  the  led  time  oocpdator  hu  aevecal  aignificsnt  aspects.  It  is  the  first  storage 
and  idnivd  of  actnd  Agitd  data  with  phase  modnlaiion  of  the  optied  earner  which  has  been  ae- 
compnshed  in  a  time  domain  spectid  liolB*banBng  systenL  Second,  it  is  a  ipectacolar  verification 
dT  dsB  ooncqpt  of  a  red  time  comlalor  widi  aibitxaiy  data  sequence  leagdL  Ibe  incndible  ageee* 
inent  of  the  data  widk  inoddiig  results  pmndea  a  strong  motivation  to  extend  arid  aqwnd  die  woric. 
This  wodc  also  pointed  oat  the  rdathmdii^  of  the  laser  fiequenqr  stabdiqr  (obhetence  time)  to  die 
piBBflBfltflU  of  lllO  flIlOlflDIg  Wldl  OS  ^bttO  CStO  siDlf  SttEjpBl  JpOttCODl  *HlO  dODDOOStUEtlOOl  OOQld 

not  have  been  carried  out  widiont  die  stahilmBd  laser  systm  previouihF  described. 


ACKNOWLEDGEMENTS 

Hbs  wodk  was  pcrfmimad  by  Nfidiad  Jefienon  of  the  IBM  Abnaden  Researcfa  Center  and  Dr. 
KGao  Zhn,  peeseaHy  with  Headett  Pacfcard  Laboertonet.  Brofeaaor  Randall  Babbitt  the  Uni- 
vcnity  of  Wariangtwi  was  a  paitiripant  in  the  real  time  oondator  ej^eiiniaits,  and 
caonnoady  to  the  cntin  body  rtf  wodc  described  in  tliia  lafMiL  IBs  advice  and  ddDa  weve  critkal 
to  our  aocceea.  Roger  MacfiulanB  of  rile  IBM  AhnadcnReaeagdi  Center  was  vqyh^dal  on  many 
owatriona,  and  iwnticiytrttdmaevend  of  rim  eiperimentaperfhnned  under  rina  contract.  We  would 
fika  to  thank  Profeaaor  *nioinaa  MoariMrg,  of  the  Univcrrity  of  Oregon  at  Eugene  for  many  vain* 
able  diacnariona.  We  widi  to  thank  Dr.  John  Hall  at  JILA  for  the  loan  of  the  iodine  odl  and  aho 
for  his  gridanoft  and  encouragement  in  matten  rdatad  to  the  f  Mtwwi  laser.  Rnally,  widioot  the 
encouragement  andsiqpport  of  Dr.  Alan  Gceig  of  AFOSR  this  work  would  not  have  been  poaaible. 


a  TECHNICAL  REPORT  APOtR  CONTRACT  ta<4962043-C<)0M 


APPENDIX  U  FREQUENCY  DOMAIN  RESULTS 
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ABSIHACr 

An  externally  iodne-lodoed  ^  laaer  has  been  used  to  store  216  bits  at  a  q)ectial  density 

:>f  120  kHz/Ut  in  the  fieqoency  domain  in  Eiif*:Y»SIOi. 
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Phone  (408)927-2141  FAX:(408)927-2100 


There  has  been  a  great  deal  of  interest  in  the  use  of  lire  earth  doped  mattaials  sndi  as 
£lu*'*':Ta5i0k  for  ultta4ii^  density  data  storage  using  time  domain  techniques Hieae  materials 
can  *»*»«*»«  T»  times  as  long  as  800  /isec  or  more**  with  oorre^onding  projected  hnewiddis  of  onl^^ 
seroral  hundred  Hertz.  Since  die  typical  Knewidth  of  lasers  used  to  investigrte  these  materials  (e^. 
dye  lasers)  is  of  the  order  of  1  to  S  Mifo,  detaOed  studies  of  pheammeoa  wfaidi  can  exploit  the  long 
«**"«««  iMwg  of  the  ntritfA  itate  are  <*****”*»  Stores  of  phase  modulation,  oontinnous  oorre- 
lation,  population  gratingi,  fiee  indnction  decay  and  so  fosfo  are  greater  imparted  by  the  laser 
linewidth.  In  edition,  the  actual  finewidth  of  sin^  penistent  ^lectral  holes  has  never  bm  diiecthr 
measured  in  these  materials. 


This  source  of  experimental  artifiicts  and  wnptwriAm  can  be  greatfy  reduced  or  rimrinated  by  sta- 

fcairiwj  ♦!»«»  irtilwwi  j  ♦jirliwiqwf  "p  tt**  ptiMe  end  tmqnwMy  jitter  rf  tha  Imw  with 

ritW  iiitr«..<»w>ity  or  Mttemel  plMn/ftwtpMiny  or  hntfi.  hhmy  of  these  tedndques  lutVe 

been  pioneered  by  Hall  and  Hansdi*.  TIub  p^per  describes  the  implementation  of  sudi  a  laser 
stahiHation  system,  and  presents  results  obtai^uring  it  to  bum  and  measure  sin^  and  muh^ 
spectral  holes  in  the  ground  state  of 


Commercial  laser  ^sterns  snfifer  from  both  short  term  jitter  (Unewidth  of  a  few  Mlb),  and 
longer  term  drift,  udddi  can  be  hundreds  of  MI&  per  hour.  Both  ai  these  effects  can  be  removed 
from  the  bser  beam,  in  principle,  by  measuring  ftie  jduue/ftequency  esracs  with  a  hi^ity  precise 
optical  frequency  refaence,  sndi  as  a  cavity,  snd  servoing  the  phase/frequency  of  the  li{^  with 
dectro-optic  ^OM)  and  acousto-optic  moAdators  (AOM)  to  remove  the  fluctuations.  The  long 
term  drift  can  be  removed  by  changng  riie  laser  cavity  len^  with  either  {hcseo  controlled  mnrors 
and/or  a  grivo  driven  Brewster  {date. 


For  this  experiment  we  used  a  Newport  Supercavity  with  a  6  GHz  free  spectral  range  and  500  ItHz 
linewidth  (FWHM)  as  a  diort  term  optical  fieque^  reference.  The  cavity  length  was  stabilized 
activrfy  by  loddng  it  to  an  iodine  hypafinetransition.lt  is  a  great  stroke  of  hick  that  there  are  fanty 
strong  fodine  absorption  linea  within  the  absoiption  bands  of  both  sites  of  the  Eutopiom  ion  doped 
imo  YiSiOi. 


The  i«ptiriiwefi«*l  apparatus  is  shown  in  Rgure  1.  The  laaa  beam  fest  phase  and  frequency  fluctu¬ 
ations  are  measured  by  observing  the  beat  between  a  prontyt  reflection  from  the  cavity  entrance 
mirror  and  the  cavity  leakage  field  with  detector  Dl.  The  Vuet  beam  is  phase  modulated  vrith  40 
MHz  aiddiands  with  EOM  E2.  The  control  system  utilizes  dectro-optic  modulator  El  and 
acousto-tqitic  modulator  Al,  along  with  the  laser  tweeter  and  galvo  {date  to  remove  the  jdiase  and 
frequenty  fluctuations  from  the  beam,  A  resultant  laser  Imewi^  of  approximatety  1  kib  relative 
to  tile  cavity  was  produced,  as  estimated  from  loop  error  signals  and  measured  cavity  linewidths. 
This  laser  finewidth  was  d^raded  rdative  to  the  sample  by  structural  vibrations,  len^  drift,  and 
(apparently)  a  microsoopic  domain  noise  in  the  PZT  flcom  vduch  the  Supercavity  is  constrocted. 


hr  order  to  reduce  these  cflects,  the  length  of  the  Supercavity  was  stabilized  by  a  second  servo  loop 
wfakh  measured  the  laser  fiequency  rdative  to  an  Iodine  hyperfine  transition  using  a  saturation 
spectrometer.  Acousto-optic  modulators  A2  and  A3  allow  fretpieocy  offeets  (and  subsequent  fine 
tuning  of  tile  laser  frequency.  The  laser  be  ^  in  the  spectrometer  is  divided  into  a  saturation  beam, 
peppagrting  CCW  in  the  drawing,  and  a  pn.  ^  beam,  propagating  CW.  AOM  A4  frequenqr  drifts 
the  saturation  beam  by  80  MHz,  and  drops  it  at  100  kE^  for  subsequent  lodc-m  detectioiL  The 
saturation  beam  enters  a  White  cdl  with  approximately  a  7.S  meter  path  in  the  Iodine  odL  The 
probe  beam  is  phase  modulated  at  about  500  IcKe  and  a#isted  to  be  coaxial  with  the  saturation 
beam.  The  deviation  of  the  luer  beam  finquency  from  that  of  the  hyperfine  line  is  observed  1^  a 
douUe  lodc-in  techniqoe  using  the  sigrial  from  detector  D3,  and  used  to  control  the  length  of  the 
Supercavity.  A  servo  bandwidth  of  several  kHz  was  achieved  in  this  loop,  limited  by  structural 
resonances  in  the  Supercavity. 
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The  and  fiiie«klth4iano«cd  laaer  beam  paaaea  throng  a  aet  of  oonqrater  oontiolled 

naalEBl  denaity  fitten,  and  a  pair  of  AOMa,  AS  and  Ad,  vdach  allow  paedae  ofbeta  of  the  laaer 
fiwqoaaqr  idathe  to  dw  lo^ne  fine  with  a  fieqaeney  ayntheanw.  The  beam  then  entera  the 
cqfoatat,  paaaea  thioadt  the  aanq)]e,  and  ia  detected  wi&  a  photomuhqdier  tube,  D4. 

Rfwe  2  pnaeata  the  prafile  of  a  vectnd  hcde  baaed  with  no  fieqaeney  offiet  and  aubaequenthr 
point  by  point  by  rOarttinfi  the  laaer  finquency  with  AOf^  AS  and  A6.  Ihe  laaer  waa 
acannedover200<fiacnstefi»qaenGieaatafateof  lOOpd^peraeoond  The  aanqde  of  doped 
waa  maintained  at  2iC.  The  laaer  waa  locked  to  an  iodine  hypofine  tranailion  at 
S80.0S4nm,  near  the  center  of  the  Euiopinmabaotption  band.  The  beam  diameter  waa  4  nxm,  the 
aaaople  waa  ifipioamatdy  1  ebaoaptioa  length  (3.6  mm)  long,  and  the  buming  power  denaity  waa 
0.016  IK/em*.  coneqxmding  to  a  beam  power  ci  2  mW.  The  boning  time  waa  20  maec.  Daring 
acanning.  the  laaer  power  waa  rednoed  to  20  nW.  The  fine  ahape  of  the  peraiatent  qtectaal  hde  waa 
The  naofinear4eaat<oqaaie  fitting  of  the  data  gave  an  apparent  finewiddi  of  48  kHz 
(FWHM).  The  HnmwMwt  oontribotioa  of  thia  finewiddi  waa  die  random  fieqaeney  noiae  (with  low 
Foorier  fieqaeney  and  large  RMS  fieqaenqr  deviation^  introduoed  by  the  reference  cavity.  The 
redaction  of  dria  fieqaeney  noiae  by  the  Iodine  atahifization  aervo  waa  fimited  by  the  aignal  to  noiae 
ratio  of  die  bdine  tranaition  withm  the  required  bandwidth.  TgiMwing  die  oontrsbotiott  of  the 
finewiddi  oi  the  materialH  the  deconvolved  fineandth  of  the  peraiatent  apectral  hole  waa  34  klfe 
(FWHM),  adudi  waa  the  actual  laaer  finewidth.  A  better  reference  cavity  with  proper  iaolation 
would  improve  the  actual  laaer  finewiddi  dramatically.  Drift  of  the  center  of  the  fitted  hole  fiom 
the  boming  fieqaeney  waa  200  Hz  over  a  10  aeoond  period. 

Rgure  3  ahowa  a  pattern  of  qiectral  hoka  iqaeaeiiting  the  216  bit  ASCII  repreaentation  of  the 
phraae  TBM  Ahnaden  Reaearch  Center*'.  A  qpectral  hole  repreaenta  a  'I*’.  The  hole  pattern  waa 
*»*™*«t  with  the  aame  parametera  aa  above,  but  with  a  of  120  klfe  between  brta  in  the  fie- 
qoenqr  domahL  Thia  ia  apectral  denaity  of  8333  bita/OHz,  which  to  onrknovriedgeia  the  largeat 
spectral  denaity  yet  adneved  fin:  fieqaeney  domain  data  atorage,coneaponding  to  about  50,000  beta 
per  ^lot,  if  both  abaotpdonbanda  were  udfized.  Snee  the  iodine  tranrition  waa  uaedaa  an  abaofarte 
finquency  reference,  we  were  aUe  to  tune  the  hunr  fieqaeney  fin  away  firom  thia  pattern  of  qpectral 
hblea,  and  tune  it  back  to  retieive  the  data. 

In  aummary,  a  method  of  atabifizing  a  <hie  laaer  fin  predaion  meaaarementa  of  hok-buming  phe* 
nomena  haa  been  preaented.  The  uae  of  Iodine  abaorption  finea  to  uniqu^  determine  the  abaohite 
optical  fieqaeney  of  data  atored  in  the  material  haa  been  demonatcated.  The  uae  of  aodi  atabifized 
laaera  will  allow  detaikd  atudka  of  both  the  pl^aica  of  the  materiala  and  alao  of  teefaniqaea  audi 
aa  ihaae  modulation  vriuch  will  allow  eventual  realization  of  data  atorage  and  procesaing  sppScM.- 
rioru. 

Thia  work  waa  perfinmed  under  Air  Force  Office  of  Scientific  Research  Contract 
#F49^0-92-C0066.  We  would  like  to  thank  Dr.  John  L.  HaU  for  h^diil  diacuaaions  and  the  loan 
of  the  Iodine  cdL 

*  Conent  address:  Headett-Packard  Laboratories,  26M,  P.O.Box  103S0,  3S00  Deer  Creek  Road, 
Palo  Aho.  CA  94303-0867. 
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F^ure  1:  lodine-Lodced,  Fr«qiicn<7  Stabilized  Dye  Laser  Apparatus. 
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FREQUENCY  DOMAIN  DATA  STORAGE 

ASCn  Bits  IBM  Almaden  Research  Center" 


3.  216  Bit  Spectral  Hole  Data  Storage  at  120  kHz/bU. 


APPENDIX  2:  REAL  TIME  CORRELATOR  RESULTS 
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When  a  seqpienoeoftecyorally  modulated  <ytical  waveforms  illununate  an  inhomogeneously 
broadened  absorbing  medhim,  tile  resultant  optical  ooheteot  transient  output  signaTs  represents 
the  cross-correlation  woonvotutionoftiieii^tenipMalwaveformsJ  Theprojected 
perfonnanoe  characteristici  of  coherent  tranrient  processors  inAide  data  rates  greater  than 
10  Gii^  tinie4»ndwidtii  products  fir  in  excess  of  10,000,  and  tiie  ability  to  fiiDy  process  botii 
amplitude  and  |Aase  modulated  waveft)nns.^t2  Previocu^  it  was  assunied^*^tiw  input  data 
stream  and  pattern  stream  must  both  be  shorter  than  tile  absorlringtiansitiGr  ^homogeneous 
dqihasing  time  and  must  both  be  reentered  in  order  to  process  longer  OT  multiple  data  streams.  1 
It  has  recent^  been  prc^msed  tiiat  patterns  could  be  pennanentiy  stored  in  an  inhomo^neousfy 
Inoadened  s(^  and  that  ir^Nit  data  streams  of  indefiiute  lengtii  could  be  continuous  processed 
in  real  time  without  tiie  need  to  reenter  tiie  input  pattern^  In  tins  paper,  we  present  a  proof  of 
ocmoept  demonstration  of  an  optical  coherent  transieot  coatinuous  condator. 

Tte  progiamnnitg  and  processing  stqjs  fix' the  contimious  optical  processm’ require  an 
iidiomogeoeouS  broadened  absorbing  medium  in  wfaidi  excited  absorbers  either  decay  or  are 
gated  into  a  metastaUe  ground  state  that  is  not  resonance  with  wavdengths  of  the  optical 
wavefixnis  to  be  processed.  To  {Mpgiam  tins  medium,  two  tenqxirally  modulated  optical 
waveforms  illumine  the  medium,  temporally  sqiarated  mid  ap^ed  reqiect  to  eadi  other. 
For  an  rqitical  correlator,  the  two  input  wxv^Mms  are  a  pattern  stream  followed  by  a  brief 
reforence  pulse.  Provided  these  waveforms  are  within  the  data  bandwidth  of  the  medium  (rou^ily 
the  inhonxigeneous  bandwidtii  of  tiie  absottog  tranrition)  and  shorter  than  the  transhimi's 
homogenous  lifetime,  tile  medium  will  respond  to  the  cordiined  power  spectrum  of  the  two 
wav^Mms.  The  cornlMned  power  qiectrum  contains  an  interforence  term  propmtional  to  tile 
(Mxiduct  of  the  Fourier  transforms  of  the  waveforms,  is  stored  in  the  qiectral  population 

distribution  ofground  state  absorbers  in  the  medium.  This  ^lectral  holographic  grating  produced 
by  tenqioralfy  sqiarated  waveforms  is  analogous  to  the  ^atial  hologram  priced  fix>m  the 
interference  of  two  qiatialty  modulated  light  beams  with  angular  sqiaration. 

The  resultant  populatirm  grating  acts  as  a  spectral  filter  on  the  Fourier  components  of 
subsequent  optkal  data  streams  Adding  an  ouQxit  rignal  which  is  the  cross-corrdated  of  the  data 
streams  with  pattern  stream.  The  data  stream  is  not  linuted  by  the  hranogeneous  decay  time,  but 
naay  continue  to  be  processed  fix*  as  long  as  the  spectral  population  grating  perritts.  Three 
ph^mena  act  to  li^  the  grating  lifetime:  .)  saturation  of  the  tranrition  by  the  data  stream,  2) 
the  dec^  of  the  metastaUe  state  abstxbers  back  to  their  original  ground  states,  and  3)  optical 
punqiiitgofthe  ground  state  grating  to  the  metastable  state.  The  saturation  ^fect  can  be 
minimized  by  sufiBdently  lowering  the  input  optica]  intensity  ofthe  data  stream.  Thedecayofthe 
metastable  state  dqieads  on  the  material  used,  but  can  stored  data  has  been  shown  to  I  well 


oweradqrinioiiiefiutteriab.  A  gutiogitq)  could  be  added  after  dw  second  optical  wi^vcfonn  to 
ftw  ground  state  populatioa  <fialiiaitiaa  (fi)r  exaii4)le,  photoiooization  of  the  absoiben  dutt 
are  mdidrcNcited  state  after  the  second  ijvavefonn).  Followiqgdiegatiqgstep,andbsori)er 
siibseqiieittlyewcited  by  the  data  stremmould  decay  back  to  its  ground  state  (fistribirtion  and 
restore  die  programmed  qiectral  gtathtg.  Other  the  fimitii^fiwton  mentioned  abov^  there  is  no 
imit  on  the  processed  data  stream^  duradon. 

A  maleikl  that  codxKhes  afl  die  reqinred  parameters  to  demonstrate  die  ctmdnuous  ccriie^ 
transMotconelator's  fill!  potential  has  yet  to  teftwnd.  fa  this  proof  of  concept  demoustrat 
borage  unn  accomidisbed  uatag  populatioo  stoiage  in  die  ground  state  faypeiihie  levels  of  tb 
S79.9nm^Fo-^DD  transition  in  Eu^**':Y2Si05.  Popida^  gratiqgs  in  di^  levels  can  pernst 
well  over  an  hour.^  One  drawback  tofaypeiftne  storage  is  diathbasiqgle  photon  storage 
process  and  dais  during  prooeaang  cyde  die  paidally  erases  die  progranmed  gradng  (die  durd 
finadngeffiwt  mentioned  above).  By  lowering  die  data  stream  intensity,  dus  effect  was  miidmized 
so  that  data  streams  longer  dian  die  upper  state  fiftttime  could  be  procenwd. 

Figure  1  illustrates  die  tinangof^  input  waveftams  used  in  our  enperiment  Thepattem 
strettn  and  the  data  stream  were  coffinesf  and  an^4.d*vwdi  reject  to  die  brief  reference 
pulse.  Their  <ytical  waveforms  were  generated  Ityacoustotoptically  modulating  die  cwoutyut  of 
a  commercial  ring  dye  laser  vriudi  was  lodked  to  an  extenial  cavity.  Precise  contnd  of  the 
waveform’s  phase  and  amplitude  was  aooooqifidied  usif^  an  800  MHz  afbhraiy  wavefiinn 
generator  as  die  if  source  fiy  die  acousto-optic  modulators.  The  pattern  stream  lasted  13  psec 
and  was  bmaiy  phase  modulated  at  a  IMHg  data  rate  with  a  13-bit  Barker  code 
(1,1,1,1,1,0,0,1,1,0,1,0,1).  The  briefreferenoe  pulse  arrived  3  psec  after  die  end  of  die  pattern 
stream,  was  1  pace  in  duratioo,  and  had  a  pulse  area  of  roughly  n/2.  The  pattern  stream^ 
mtenrity  was  rougfay  1/40  die  brief  pidselhintei^.  After  a  ddsy  <^6.24  msec;  die  data 
stream  started  and  lasted  3.12  msec.  The  data  stream  was  tanaiyjduaemofeilated  at  a  1  MHz 
data  rate  and  was  made  ityoffifteenl6-s%ment  long  sequences.  Eadi  13-bit  long  segments 
eidier  matched  the  pattern  13-bit  Barimr  code  (7*)  or  were  nmse  segments.  Two  (fiflferent  noise 
segments  were  used:  die  fiist  CT41*)  was  (1,0,1,0,1,1,0,0,0,1,1,1,1)  and  die  second  OTG*)  was 
(1,0,0,1,0.0,0,1,1,1,1,1,1).  The  Id-ecgment  kmg  sequence  was  made  up  of  a  annbnution  of 
these  13-bit  fang  segments:  (P,PJN1,N2,P.N1,PJP.N1,N2.N1,P,N1,P,N2,P).  This  sequence  was 
rqieated  15  times  to  yidd  the  data  stream.  Thus,  the  entire  data  stream  was  13x16x15 
3120  bits  kmg.  The  intenatyofthe  data  stream  was  1/74  the  pattern  stream's  intenrity. 

The  0.2%  Eu^'*‘:Y2Si05  sanqde  was  cooled  to  1.9  K  and  had  a  snudl  rignal  absorption  of 
65%.  The  measured  homogeneous  dqiharing  time  (T^)  v.’ss  600  psec.  The  outyut  signal  was 
concurrent  with  the  data  stream,  but  qiatialty  s^iarated  due  to  the  angular  sq^rration  of  the  ir^ 
waveforms.  A  gating  acousto-optic  modulator  was  used  to  block  the  intense  brief  pulse  fiom 
entering  the  photomultiplier  tube  used  for  detection.  An  annealing  process  was  us^  before  the 
eaqierinient  to  erase  any  [wewouspqxilation  gratings.  The  recorded  trace  in  figure  2  was  the 
re^ofasin^  storage  and  single  (xocessing  event.  The  progi  wiinedgiatir^  were  nor 
accumulated  and  the  output  rignal  is  nor  the  aven^  of  nailtiple  traces. 

I%ire  2  shows  the  3. 12  msec  output  rignal  broken  into  ^e  contiguous  0.624  msec  plots  (the ' 
five  lower  plots).  To  empharize,  the  five  plots  rqiresent  a  ringle  recorded  output  rignal  generated 
by  a  ringfa  3120-bit  fang  data  stream.  The  trace  was  broken  up  only  for  presentation  purposes. 

five  {dots  are  scale  identically,  fa  btrth  figures,  the  minor  tide  marks  correspond  to  the  13-bit 
kmg  pattern  or  noise  s^ments  and  the  major  tick  marks  correspond  to  the  16-s^meiit  fang 


wegmicn.  The  top  tnoe  in  figure  2  b  the  cilcuiat0doofreiatioa<rf‘die  pattern  ttratm  and  die 
diteitraini.  Theou^NittrigwImiftdiedtfiecalGdtfioavciywelL  Tliel20bfgepeikf  inliie 
OM^ijgpilcoiw^p^totiwllOappciraiiOMoftfaepttlttiticgnieathtfaediteatretm.  Bv«d 
tfiOWMJhr,|>irtidconttoioptduria8ai>dbchirggptheiioi«etegm>«>«weiefltfift%<lel^^ 
Ibe  dimtioa  of  ibe  data  ftmm  wtt  ioritad  ^  tiie  ditm  aoi|iiiiitioo  q«tem  and  WM 
looger  than  die  2.0  nneo  iqipar  atate  fifttane^to  flhiatfate  ^  *ooadnuoiia*  nature  of  die 
{xooeasing.  The  output  ajg^  does  not  diow  any  dgnificantdeciy  in  me  or  ddeBty  during  thb 
3.12  maecloqg  time  interval  In  a  two4evdi!yitamvi^ioin  population  atorage^  the  decay  of  the 
i9per  atate  would  lead  to  a  fiwior  23  raduction  m  the  out;^  flgnah  ampfitude  fiom  hcghiiiiitg 
toend.  The  obaerveddi^  reduction  in  ame  from  baginniqg  to  end  my  come  from  a  leducdoo  in 
the  grating  due  to  the  above  mentioned  optical  pinnping  ci  the  hypeitine  leveia  by  the  data  atream. 

To  oocrecdy  piooeaa  the  data  atream,  dw  optical  carrier  frequency  drift  between  the  pattern 
and  data  atreuna  muat  be  kaa  than  one  over  twice  the  dination  of  the  pattern  atream  (leaa  dian  38 
Idiblbr  the  pattern  atream  uaed).  The  email  fluoluatiooa  in  die  peak  hetflhta  may  have  been  due  in 
part  to  fluctuationa  in  the  extemalieftwnoe  cavity  leaooantftequency.  fncraaaedlaaerfleqnewy 
fluctuationa  were  obaerved  to  lead  to  a  cooaideable  drop  in  die  ouqmt  rignA  ftdefiy. 

The  leauha  preaented  abow  that  contimiouf  prooeeahtg  of  optical  wavefixma  uafatg  optical 
coherent  tnnaientaiapoarible.  The  3 1204)itlo^  data  atream  waa  not  limited  by  the  dbaoiberii 
homogeneou8d<|ihatiogtiroe(T2)nordieiqiperatatepopidatien8fttinie(r|)ofthedbaoibhtg 
TTm  performance  ofonelmpiementationofa  coherent  tranaientproceaaorwidi  a 
gatedile  material  haa  been  evaluated  a^  the  eapected  data  bandwidd^thmUiaiidwiddi  product, 
and  pattern  atoti«e  denaiy  are  5  OEh^  ld,000,  and  1 10,000  patterna  per  aqmre  centimeter, 
leapectfiify.^  The  ia  a  continuoua  teal  thne^phaaeaeoritive  optical  correlator  with  a  propagation 
deiiy  kaa  than  the  abaorber^  homageneoua  decay  time(  CO  the  order  cf  nticroaeconda)  and  no 
deadtane.  The  high  pattern  atoragedenaiy^owainidtiplepattenia  to  be  alored,  fixed,  and 
aoceaaed  tandoni^  on  mictoaeoond  time  acaka  by  apathd  addreawig  techniquea  0.e.  acoualOKiptic 
ordectio-opticdeflectora).  Sudi  a  coherent  tranaientoofitinuouaopticdpiooeaaor  would  be  wefi 
auited  fin- patterriftaiget  recognition  or  cncodingAiecodiiigiqylicationa. 

We  gratefiiUy  acknowledge  the  financial  auppoit  of  die  Ah’ Force  Office  of  Sdentific  Reaearcfa 
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l^gurel  Tbetiniqgofdie  input  optical  waveibnns  (not  to  scale).  The -Pi  and -Vindicate  die 
binaiy  phase  encoding  rfthe  pattern  and  data  atream.  The  two  backdadies  in  die  input  sequence 
inficate  a  long  delay  between  the  briefiefeiencewavefains  and  die  start  ofdie  data  stream.  The 
dvee  dots  inficate  diat  die  data  stream  continues. 
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I^gme  2  The  calcubaed  ouqxit  agnal  (upper  |dot)  and  the  esqieriineiital  output  agnal  (lower 
tracer  broken  into  five  condguous  plots).  Ofthe  lower  five  traces,  die  top  is  the  first  5-24  (juec  of 
the  trace  ttf  the  output  signal,  tbe..aeoond  fixHn  the  top  is  die  second  624  psec  of  the  trace,  and  so 
on.  The  ouqwtrt^diown  is  one  3.12  msec  long,  angle  event  trace.  The  vertical  alignment  of 
the  peaks  is  due  to  the  IS  repetitions  of  the  pattera/noise  sequences.  The  horizontal  and  vertical 
scales  are  identical  fiarafi  five  plots.  The  nunor  and  major  tick  marks  are  separated  by  13  psec 
208  paeCk  lospecdvely.  ThedigitcEatkHiratewa8  2Mlb. 


